The Vehicle Modulates Cellular and Humoral Responses in Contact Hypersensitivity to Oxazolone. van't Erve, E. H. M., Wijnand, E., Bol, M., Seinen, W., and Pieters, R. H. H. (1998). Toxicol. Sci. 44,[39][40][41][42][43][44][45] The development of contact hypersensitivity (CHS) greatly depends on the allergenicity of the inducing agent. However, various cofactors are known to influence the outcome of the response as well. From this perspective, we have compared the effects of five different vehicles: acetone, ethanol, dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), and a 4 to 1 mixture of acetone and olive oil (AOO) on the cellular and humoral immune responses to epicutaneously applied oxazolone in female BALB/c mice. A single application of 0.2% oxazolone dissolved in acetone or ethanol induced stronger proliferative responses and higher lymph node cell numbers than the other three vehicles. Moreover, both vehicles led to higher numbers of oxazolone-specific Ab forming cells in the draining lymph nodes of sensitized animals. When the IgG2aV IgGl ratios were determined to indicate the type of T helper cell involved, the highest values were obtained with AOO and lowest with DMF and DMSO, while acetone and ethanol were in between. Moreover, no correlation was found between oxazolone-specific antibody production and cellular responses, measured as [ 3 H]thymidine incorporation of draining lymph node cells after sensitization and increased ear thickness after challenge. From this study it can be concluded that cellular and humoral responses in CHS to oxazolone are dissimilarly affected by the vehicles used, o IWS
response. Furthermore, the intensity, duration, and frequency of exposure to a chemical compound are important factors in the induction of CHS. Finally, the strength of the initial sensitizing stimulus affects the degree of the elicitation reaction of CHS (Friedman et al, 1983; Kimber and Dearman, 1991) .
Low-molecular-weight chemicals are not hindered by thensize in diffusing into the skin (Schaefer et al, 1982) . In addition to the physicochemical properties of chemicals such as lipid and water solubility, it has long been recognized that the vehicle in which the compound is dissolved and applied significantly contributes to subsequent skin penetration (Barrett et al., 1964) . In irritant contact dermatitis it was found that the vehicle considerably influenced the degree of the dermal irritation produced (Flannigan and Tucker, 1985) . Moreover, in contact sensitization the application vehicle affected the absorption rate of the allergen and the extent of ensuing lymph node activation (Heylings et al., 1996; Potter and Hazelton, 1995) .
In this study we have compared five vehicles for oxazolone; i.e., acetone, ethanol, dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), and a 4 to 1 mixture of acetone and olive oil (AOO). The vehicles studied are frequently used in murine tests to identify contact allergens (Basketter et al., 1991; Gad et al, 1986) . Usually, in these tests the chemical compound is dissolved in one vehicle and compared to the reaction of the vehicle alone. A possible modulatory effect of the vehicle on the quality of the subsequent immune response is generally neglected. We have investigated the effect of the vehicle on CHS and proliferative responses together with specific antibody (Ab) production to oxazolone. The results presented here demonstrate that the both quantity and quality of the immune response are modified by the vehicle used. Importantly, these findings suggest that vehicles are not immunologically inert.
METHODS
Mice. Young adult (8-to 10-week-old) female BALB/c mice were used throughout these studies. Mice were bred under SPF conditions and housed in filter-topped cages under standard laboratory conditions (room temperature 23 ± 2°C, ± 60% relative humidity, and a 12-h light/dark cycle) in the breeding facilities of Utrecht University, Utrecht, The Netherlands. Mice had free access to pelleted lab chow and acidified tap water. Groups of mice (n = 4) were sensitized with 25 /J.1 of a 0.5% oxazolone solution on the dorsum of both ears on 3 consecutive days. Control mice received the vehicle only. After 2 weeks all mice were challenged once with 0.2% oxazolone in the appropriate vehicle. Ear thickness was measured under light ether anesthesia using an engineer's micrometer (Mitutoyo Corp., Tokyo, Japan) prior to and at indicated time points after challenge.
Assessment of lymph node cell numbers. Mice were sacrificed 72 h after challenge. Draining auricular lymph nodes were isolated and kept on ice during further preparation. Cell suspensions were prepared from the lymph nodes by squeezing the nodes gently between two frosted glass slides. The slides were carefully rinsed off and cells were collected in ice-cold phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA, Sigma). Cell suspensions were washed once in ice-cold PBS-BSA and counted by means of a Coulter Counter ZM (Coulter Electronics, Luton, UK).
Conjugation of oxazolone to BSA. Oxazolone was conjugated to BSA, as described . Briefly, a 40-mol excess of oxazolone, dissolved in DMSO, was added to 30 mg/ml BSA in water at hourly intervals. The mixture was gently stirred for 3 h at room temperature while the pH was maintained at 8 with 1 M sodium hydroxide. The conjugate was desalted by means of a Sephadex G-25 column (Pharmacia, Uxbridge, UK) in PBS. Protein-containing fractions were pooled, and protein concentration was determined according to Peterson (1977) . The efficiency of the conjugation was computed by the use of 2,4,6-trinitrobenzenesulfonic acid (TNBS, Sigma) as reagent for the determination of free amines (Snijder and Sobocinski, 1975) . Conjugate and BSA were dissolved at 1 mg/ml in 0.1 M sodium tetraborate, pH 9.3. Twenty-five microliters of 0.03 M TNBS was added to 1 ml of each sample, stirred, and allowed to stand for 30 min at room temperature. Conjugation had been efficient, since 95% of the available binding places of BSA were substituted with oxazolone. This BSA-oxazolone conjugate was used to coat ELJSA plates and ELJSPOT membranes for detection of oxazolone-specific Ab or Ab-forming cells (AFC), respectively.
Detection of AFC.
To detect oxazolone-specific IgGl and IgG2a AFC an ELISPOT assay was performed essentially as described by Schielen (Schielen et aL, 1996) . Briefly, Immobilon P membranes (Immobiolon PVDF Transfer, Millipore, Bedford, MA) were coated with 10 /i.g/ml BSA-oxazolone overnight at 4°C. Next, membranes were incubated with PBS-BSA for 1 h to block the open spaces. Prior to adding the cells, the membranes were washed twice with PBS/Tween and twice with PBS. Cell suspensions were adjusted to a concentration of 10 6 /ml and added on the coated membranes in the spot blocks. After centrifugation (120 g, 7 min) the blocks were placed in a humidified atmosphere containing 5% CO 2 in air for 4 h at 37°C. The membranes were washed three times with PBS and removed from the blocks. After washing twice with PBS/Tween, the membranes were incubated with alkaline phosphatase (AP)-conjugated goat-anti-mouse IgGl or IgG2a Ab (Southern Biotechnology Associates Inc., Birmingham, AL) at 4°C for 16 h. AP activity was revealed with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium as substrate. Specific AFC per 10* cells were then calculated from spot numbers counted with the aid of a stereomicroscope. When no spot could be detected, a figure of 1 per 10* cells was assumed to make possible logarithmic transformation of the data.
[ s H]Thymidine incorporation. The proliferative response of lymph node cells was determined by the incorporation rate of [
3 H]thymidine ( 3 H-TdR). After preparation, cell suspensions were washed twice in ice-cold PBS/BSA. Then, the cells were admitted at 5 X 10*/ml in RPMI 1640 culture medium (Gibco BRL, Paisley, UK), supplemented with 10% heat-inactivated fetal calf serum (Integra B. V., Zaandam, The Netherlands), 1% /3-mercaptoethanol, 1% glutamine, and sodium bicarbonate (all from Gibco). Cells were seeded in quadruple into 96-well microtiter plates (Greiner Labortechnik Ltd., Cam Dursley, UK) at a concentration of 5 X 10 3 cells per well. Per well 0.5 nM 3 H-TdR (ICN Biomedicals, Orsay, France) was added. Microtiter plates were placed for 2 h at 37°C in a humidified atmosphere of 5% CO 2 in air. Cells were harvested with deionized water onto glass fiber filters by means of a Skatron cell culture harvester (Lierby, Norway). The filters were dried for 2 h at 50°C. The dried filters were transferred into sample bags containing 10 ml of Betaplate liquid scintillation fluid (LKB Scintillation Products, Leics., UK). Radioactivity was measured as counts per minute (cpm) in a Betaplate liquid scintillation counter (1205 Betaplate, Pharmacia LKB Biotechnology, Uppsala, Sweden).
Oxavolone-specific ELJSA. Serum was obtained by orbita puncture under ether anesthesia, prior to cervical dislocation. Oxazolone-specific Ab were detected by means of a direct ELISA (Mamula et al., 1990) . Briefly, 96-well flat-bottom microtiter plates (high binding 3590, Costar, MA) were coated with 20 /ig/ml BSA-oxazolone in 0.05 M carbonate buffer, pH 9.6, overnight at 4°C. Nonspecific binding sites were blocked with 1% BSA in PBS/Tween. Samples were serially diluted and incubated for 1 h at room temperature. After washing, the plates were incubated with AP-conjugated goat anti-mouse IgGl or IgG2a Ab (Southern Biotech.). AP activity was determined wim p-nitrophenylphosphate (Boehringer, Mannheim, Germany) at 1 mg/ml in diethylamine buffer. Optical density was measured at 405 and 620 nm as reference wavelength with an ELJSA reader (SLT-Labinstruments, Austria). Comparison of IgGl and IgG2a Ab serum titers were made from 3000 or 1000X dilutions, respectively, since then optical density of the samples was in the linear portion of the dilution curve.
Statistical evaluation. Preceding statistical analysis, the number of AFC was transformed to log 10 values to homogemze variance. One-way ANOVA combined with Scheffe's post-hoc procedure was performed to assess significance between group means; a critical p value of < 0.05 was accepted as significant Differences in specific ear swelling responses to oxazolone were calculated for the five vehicle groups by comparing the 24-h ear swelling after challenge in sensitized animals (allergen-specific ear swelling) minus the 24-h ear swelling in nonsensitized animals (nonspecific inflammatory edema) using a priori contrasts and considered significantly different if p < 0.05.
RESULTS
Ear swelling responses. To detect cellular responsiveness to oxazolone, the kinetics of ear swelling was determined in response to challenge with 0.2% of the allergen. Ear swelling was defined as the difference between ear thickness after and before challenge (AT). Results are shown as mean swelling ± SD. Sensitization to oxazolone was effective with all five vehicles, as all sensitized animals showed maximal ear swelling responses at 24 h, with a gradual decrease after 48 and 72 h (Figs. 1A-1E) .
However, differences occurred with respect to the magnitude of response. When DMF was used as vehicle, 24-h ear swelling was slight (AT = 4.% ± 2.13 mm"
2 ), whereas ethanol (AT = 6.99 ± 3.12 mm"
2 ), acetone (AT = 8.78 ± 1.95 mm" 2 , significantly different from DMF at p < 0.05), and especially DMSO and AOO caused a more vigorous reaction (AT = 11.15 ± 1.05 and 10.75 ± 1.15 mm 2 , respectively, significantly different from DMF at p < 0.01). Mice ear-painted with oxazolone on experimental day 14 only served as controls for nonspecific inflammation caused by chemical painting (challenge only). In these groups a transitory increase of ear thickness was detected with DMSO at 6 h. This observed increase was probably a result of local vasodilatation, initiated by histamine release of mast cells due to DMSO (Kligman, 1965) .
Cell numbers. Figure 2 represents lymph node cell numbers from nonsensitized and sensitized animals 3 days after challenge. In the nonsensitized animals 0.2% oxazolone in either acetone or ethanol induced significantly higher lymph node cell numbers (19.8 ± 3.5 and 20.3 ± 3.6 X 10 6 cells, p < 0.05) than the other three vehicles (DMSO 10.6 ± 2.6, DMF 9.9 ± 3.0, AOO 11.6 ± 3.7 X 10 6 cells). In sensitized animals differences between groups were not significant, except for ethanol and DMSO (39.5 ± 9.8, and 17.9 ± 3.6 X 10 6 cells, respectively, p < 0.05).
Proliferative responses of lymph node cells. The proliferative responses were measured as 2-h incorporation of
3 HTdR. In nonsensitized animals (challenge only) we observed higher 3 H-TdR incorporation when ethanol (3839.3 ± 1246.5 cpm) and acetone (4140.0 ± 234.1 cpm) were used as vehicle (p < 0.01 compared to AOO, DMF, and DMSO). These data are in agreement with the cell numbers obtained. In previously sensitized animals, challenge with oxazolone dissolved in ethanol led to significantly higher incorporation values than the vehicle DMSO (1885.3 ± 311.5 and 972.6 ± 116.5 cpm, respectively, p < 0.05) (Fig. 3) .
Oxazolone-specific IgGl and IgG2a forming cells. In order to obtain a measure of T helper cell (Th) involvement, we determined oxazolone-specific IgGl and IgG2a Ab isotypes. Thl cytokines stimulate the production of IgG2a, whereas IgGl production is mainly evoked by Th2 cytokines (Mosmann and Coffman, 1989) . In addition, CHS responses are assumed to be mediated by Thl cells, while Th2 cells are regarded as the mediators of respiratory allergy. Both the amounts of IgGl and IgG2a and the IgG2a/IgGl ratio of oxazolone-specific AFC varied with the vehicle used (Fig. 4) . DMSO and DMF resulted in lower AFC numbers (IgGl, 116 ± 74 and 121 ± 79; IgG2a, 13 ± 13 and 10 ± 7, per 10 6 cells for DMSO and DMF, respectively) compared to acetone (IgGl, 444 ± 246; IgG2a, 139 ± 94) and ethanol (IgGl, 578 ± 255; IgG2a, 191 ± 96) , whereas sensitization to oxazolone dissolved in the vehicle AOO resulted in 114 ± 23 IgGl spots and 63 ± 26 IgG2a spots per 10 6 cells. Remarkably, ratios were highest after sensitization with oxazolone in the AOO mixture (IgG2a/IgGl 0.55 ± 0.2, significantly different from DMF and DMSO at p < 0.01). In nonsensitized animals no specific AFC were observed.
ELJSA analysis of sera. OD values of serum samples were compared at a set dilution within the linear part of the dilution curve. Significantly higher IgG 1 levels were present in sensitized groups with acetone and ethanol as vehicle (0.66 ± 0.06 and 0.68 ± 0.07 OD, respectively, significantly different from AOO, DMF, and DMSO at p < 0.05), whereas IgG2a levels were higher with AOO, acetone, and ethanol (0.37 ± 0.06, 0.40 ± 0.02, and 0.43 ± 0.03 OD, respectively) compared to DMF and DMSO (0.14 ± 0.06, and 0.09 ± 0.04 OD.p < 0.01) (Fig. 5) . Oxazolone-specific Ab were not detected in samples from nonsensitized animals. The ELISA results kept very well within the AFC numbers revealed by ELISPOT.
DISCUSSION
In this study we have compared the effect of the vehicle on cellular and humoral responses to epicutaneous applied oxazolone. Although clear sensitization was induced to identical concentrations of oxazolone dissolved in every one of the five vehicles, the reactions measured in both the induction and elicitation phases differed with the vehicle used. In general, responses tended to be lower with DMF and DMSO, but 24-h ear swelling responses were high with DMSO. After challenge with 0.2% oxazolone in either ethanol or acetone a strong proliferative response was seen in lymph nodes of nonsensitized control animals and a high oxazolone-specific Ig production in sensitized mice, whereas AOO gave only moderate proliferation and average Ig responses.
In agreement with the use of proliferation as a marker for allergenicity in lymph node cell proliferation assays (Kimber and Weisenberger, 1989; Potter and Hazelton, 1995; Kashima et al., 1996) , proliferative responses of nonsensitized control animals to challenge with oxazolone might be regarded as a reflection of the strength of the antigenic stimulus. Since all mice received an equal amount of 0.2% oxazolone, the differences we observed in lymph node cell proliferation could be attributed to the respective vehicles and might result from penetration enhancement and/or cutaneous damage by the vehicle.
Skin penetration of oxazolone is likely to depend on the diffusion of the vehicle in which it is dissolved. Although lipophilicity, characterized as Po/ W , values of acetone, ethanol, DMSO, and DMF are relatively close to one another, their skin penetration varies greatly. Kligman reported on a homy layer penetration study with the fluorescent tetrachlorosalicylanilide in human volunteers. Total penetration of fluorescent was obtained after 1 min when dissolved in DMSO, but when dissolved in acetone or ethanol there was still no penetration observed after 5 min (Kligman, 1965) . A rapid skin penetration of DMSO was further confirmed by a guinea pig study where within a few minutes after cutaneous application, radiolabeled DMSO could be detected in the blood (Kolb et al., 1967) . Although these observations might suggest that skin penetration of oxazolone would be greater when dissolved in DMSO, this is not reflected in our measurements of lymph node cell numbers, 3 H-TdR incorporation, and Ig-production. Moreover, no correlation was observed when these results were compared with the 24-h ear swelling response, which is a known concentration-dependent reaction in preexposed areas as well (Natsuaki et al, 1993) . This indicates that possible differences in skin penetration and available dose of oxazolone cannot fully explain our results.
The influence of AOO on skin penetration depends on abrogation of the epidermal barrier by acetone together with effects of olive oil (OO). Forming an occlusive film on the skin surface, OO will prevent epidermal water loss (Blank and Scheuplein, 1964) and consequently lead to increased penetration of water-soluble compounds (Fritsch and Stoughton, 1963) . Besides, OO might serve as a depot from which oxazolone more slowly diffuses into the stratum corneum. This behavior is in agreement with the differences observed in lymph node cell numbers and proliferation after a single application of 0.2% oxazolone in acetone alone or in AOO. Remarkably, however, in sensitized animals similar cell numbers, proliferation, and ear swelling responses were found after challenge with oxazolone in either acetone or AOO. This might further argue for another or additional cause apart from skin penetration enhancement and absorbed dose.
An alternative explanation for the observed differences in reactivity to oxazolone might be given by skin damaging effects of the vehicles. Damage to the stratum corneum is normally followed by enhanced percutaneous absorption (Scheuplein and Blank, 1971 ), but more importantly, epicutaneous damage can also induce local cytokine expression (Enk and Katz, 1992; Barker, 1992; Nickoloff and Naidu, 1994) . In particular, various compounds are capable of inducing selective chemical-specific patterns of epidermal cytokines (Wilmer et al, 1994) . This may result in a vehicle-dependent microenvironment, in which the nature and concentration of the cytokines present will direct the antigen uptake and processing, influence the migration of Langerhans cells, and as a result modulate not only the quantity but also the quality of the immune response.
Skin damage by delipidization was reported for acetone and ethanol, but not for DMSO (Goldsmith et al, 1988 , Feingold et al, 1990 , Krill et al., 1992 , although DMSO caused more epidermal water vapor loss in human volunteers than ethanol and acetone (Malten, 1968) . Interestingly, DMSO was referred to penetrate membranes without causing irreversible damage (Kligman, 1965 , David, 1972 . Together, the differences in skin damaging capacity and the possible induction of responsemodulating cytokines provide an explanation more in line with our results of cell number and proliferation. Although according to their chemical structure alcohols (e.g., ethanol) are commonly more irritating than ketones (e.g., acetone) (Rycroft and Wilkinson, 1992) , we observed no significant differences between ethanol and acetone.
Ratios of antigen-specific Thl-versus Th2-mediated Ab, IgE serum levels, and ex vivo cytokine profiles have been proposed to discriminate between contact and respiratory allergens Dearman et al., , 1995 . We found that ratios of both locally produced and serum titers of oxazolone-specific IgG2a/IgGl were highly variable and depended on the vehicle used. In particular, a possible underestimation of IgG2a inducing capacity could occur when DMSO or DMF is used as vehicle. Therefore, we suggest that Ab ratios should be evaluated in view of the vehicle as well.
Furthermore, our studies revealed that ear swelling responses neither correlated with IgG2a (both regarded Thlmediated) nor (inversely correlated) with IgGl (preferentially Th2-mediated) production. Especially in case of DMSO, an obvious ear swelling response was accompanied by low IgGl and IgG2a serum titers and oxazolone-specific AFC numbers. These findings are in agreement with studies revealing a stimulation of cell-mediated immunity and a reduction of antigenspecific Ab production by DMSO (Bartfeld and Goldstein, 1975; Heise et al., 1969; Kligman, 1966; Rupee et al, 1968; Pestronk and Drachman, 1980) . In summary, our experiments show that the vehicle affects both cellular and humoral responses to oxazolone. Lymph node cell proliferation does not adequately predict the magnitude of the ear swelling responses and solid ear swelling is not always accompanied by marked IgG2a levels. Importantly, IgG2a/IgGl ratios vary with the vehicle chosen. With respect to cellular and humoral responses DMSO exhibits a deviant immunomodulating effect. Though themselves vehicles are not immunogenic, they are well able to modify the response to allergenic chemicals, as we found with oxazolone. We suggest that for contact sensitivity research, the influence of the vehicle deserves further attention.
